In agriculture, manure and cotton gin waste are major environmental liabilities. Likewise, grass is an important organic component of municipal waste. These wastes were combined and used as substrates in a two-phase, pilot-scale anaerobic digester to evaluate the potential for biogas (methane) production, waste minimisation, and the digestate value as soil amendment. The anaerobic digestion process did not show signs of inhibition. Biogas production increased during the first 2 weeks of operation, when chemical oxygen demand and volatile fatty acid concentrations and the organic loading rate to the system were high. Chemical oxygen demand from the anaerobic columns remained relatively steady after the first week of operation, even at high organic loading rates. The experiment lasted about 1 month and produced 96.5 m 3 of biogas (68 m 3 of CH 4 ) per tonne of waste. In terms of chemical oxygen demand to methane conversion efficiency, the system generated 62% of the theoretical methane production; the chemical oxygen demand/volatile solids degradation rate was 62%, compared with the theoretical 66%. The results showed that co-digestion and subsequent digestate composting resulted in about 60% and 75% mass and volume reductions, respectively. Digestate analysis showed that it can be used as a high nutrient content soil amendment. The digestate met Class A faecal coliform standards (highest quality) established in the United States for biosolids. Digestion and subsequent composting concentrated the digestate nitrogen, phosphorus, and potassium content by 37%, 24%, and 317%, respectively. Multi-substrate co-digestion is a practical alternative for agricultural waste management, minimisation of landfill disposal, and it also results in the production of valuable products.
Introduction
Millions of tonnes of organic wastes are generated each year. In 2013, the United States (US) produced 254 million tonnes of solid waste, of which 167 million ended up in landfills (EPA, 2015) . About 44% of the municipal solid waste (MSW) deposited in landfills is composed of organic waste, such as grass clippings and food waste. The organic fraction is a source of uncontrolled greenhouse gas (GHG) emissions in landfills (Lou and Nair, 2009 ). In addition, leachate is produced owing to the decomposition of wastes deposited in them. Among the potential environmental impacts related to landfill leachate are pollution of groundwater, surface water, and soil (Han et al., 2013) , which create long-term liabilities for landfill owners.
Agricultural activities also generate significant amounts of waste, such as animal manure and cotton gin waste (CGW). In 2016, there were approximately 9.25 million dairy cows in the US (NASS, 2016) . In the state of New Mexico (southwest US) alone, the 2012 Agriculture Census reported a herd size of 318,800 milk cows and 461,600 beef cows (USDA, 2012) . It is estimated that dairy cows generate 6 kg of waste per day (dry Co-digestion of agricultural and municipal waste to produce energy and soil amendment basis) and beef cows 2.4 kg (Penn State College of Agricultural Sciences, 2014), thus there is an enormous amount of waste to be managed. Among the potential environmental impacts of improperly managed manure are soil, surface, and groundwater contamination. Another concern is air pollution; methane emissions are increasing from manure management (Owen and Silver, 2015) , though GHG emissions per animal tend to decrease with increasing herd size (Rotz et al., 2010) .
It the US, annual organic waste production is estimated at 78.7 million tonnes of the organic fraction of MSW, 335 million tonnes of manure, and 130 million tonnes of biosolids (Linville et al., 2015) . In addition, 2.04 million tonnes of CGW are generated across the cotton belt (Holt et al., 2000) . Consequently, there is a need to develop economic and technically feasible treatment alternatives. The common approach in dealing with organic waste is either aerobic composting or anaerobic digestion (AD). However, composting can be cost prohibitive owing to low product value. In addition, there are significant nitrogen losses owing to ammonia volatilisation and uncontrolled air emissions during the composting process. AD is another alternative for waste treatment. The biogas produced during anaerobic decomposition of organic waste is considered a sustainable source of energy (Goswami et al., 2016) . Substrates suitable for AD include the organic fraction of MSW, agricultural wastes, energy crops, and sewage sludge (Wang et al., 2013) , among others.
As increasingly stringent requirements have been set to limit direct land application of manure, AD for bioenergy production is becoming a viable alternative (Li et al., 2010) . However, single substrate digestion of manure can result in low biogas yield owing to its low organic content and high nitrogen concentration, which may lead to inhibition and process instability (Ebner et al., 2015) . A potential solution to these problems is co-digestion, which is an opportunity to achieve a more appropriate balance between carbon and nitrogen by using substrates high in nutrients (N) and in organic content (C), thus regulating pH and minimising ammonia inhibition issues (Dias et al., 2014) . Numerous studies have been conducted to evaluate co-digestion of manure with other substrates. Tian et al. (2015) studied AD of kitchen waste and pig manure at different ratios and the effect on methane production and system stability; co-digestion enhanced methane yield compared with single-waste AD. Similarly, codigestion of food waste with dairy manure enhanced biogas production by 0.8 to 5.5 times more compared with dairy manure alone (Li et al., 2010) . Multi-substrate co-digestion has been studied to a lesser extent. A study conducted by Wang et al. (2012) included several co-digestion experiments using dairy and chicken manure as well as wheat straw. They found that co-digestion resulted in better methane potential than single waste, and also that the mixtures in co-digestion presented higher synergetic effects than mixtures of single manure with wheat straw.
Optimisation of the AD process by co-digestion is well suited for small digestion plants, but the substrates must be available within an economically feasible distance from the facility (Adelard et al., 2015) . Therefore, the main objective of this research was to investigate the effect of co-digestion of three substrates widely available in the southwest of the US (grass clippings collected from golf courses, CGW, and dairy manure) for biogas production, to minimise disposal of untreated agricultural waste, and to obtain a high-quality digestate which could be used as a fertiliser or soil amendment.
Materials and methods

AD Pilot-test system setup and operation
The two-phase pilot-scale AD system is shown in Figure 1 . The solid phase (SP) was a prefabricated metal trash dumpster (1.8 m × 1.7 m long × 2.1 m). A reservoir (7.6 cm deep) was provided below the perforated floor for short-term leachate storage. A sprinkler system was mounted near the top of the container to distribute the liquid (leachate) onto the surface of the substrates. A 1-mm (40-mil) high density polyethylene (HDPE) removable cover was fitted and sealed to the top of the container and a gas effluent port was provided in the headspace. Two up-flow anaerobic columns (CI and CII) constructed of polyvinyl chloride (PVC) pipes (3.6 m long, 0.3 m diameter) were filled with inert plastic packing material (90% void space) and tap water (Yu et al., 2002) . Liquid sampling ports and a gas effluent port were installed in each column. During start-up, the columns were seeded with 10 L of supernatant from the anaerobic digesters of a local municipal wastewater treatment plant.
Initially, 454 L of water (sufficient to bring the solid waste to field capacity plus an addition of 200 L for recirculating the leachate) were applied to the solid waste using the sprinkler system. The leachate was collected in the sub-drain at the bottom of the reactor and re-circulated through the solid bed (initially once per hour, which was set by a timer) until the pH was in the neutral to acidic range, indicating accumulation of volatile fatty acids (VFAs). Once the pH was reduced, the leachate was transferred to the up-flow anaerobic filter (UAF) reactors, where the VFAs were utilised by methanogens and converted to biogas. The feeding process was operated in a batch mode. To feed the UAF reactors, the valves located at the bottom of the SP reactor and the UAF reactors were opened. At the same time, the valves located on top of the UAF reactors were opened to transfer the overflow from the UAF reactors back to the SP. The transfer of leachate was based on a plug-flow approach with a residence time ranging from 1 to 3 days. Once the feeding cycle was terminated, the valves were manually closed and the re-circulation in the SP reactor was set and repeated about every 24 hours. The feeding process of the UAF reactors continued using the batch approach until the pH level in the leachate from the SP reactor reached and remained above 7.0. This was indicative of a very low concentration of available VFA to feed the UAF columns for methane generation.
Substrates
The total initial dry weight of the substrates was 192 kg (478 kg as-used basis) and approximate volume of 1.0 m 3 . Total solids (TS) and volatile solids (VS) contents were determined in each substrate according to Standard Methods (APHA/AWWA/ WEF, 1989) . The substrates were placed in layers in the SP and afterwards 454 L of tap water was added and recirculated through the system to produce the leachate.
Sampling and analytical methods
The research was conducted in the summer (June-July) under ambient conditions and lasted 29 days. The columns were fed daily with leachate, around the same time of the day. Leachate samples were collected daily and analysed for temperature, pH, and chemical oxygen demand (COD). Temperature and pH were measured onsite with a mercury thermometer (20 °C to 150 °C) and a hand-held pH meter (Heavy-Duty Oakton ® Waterproof). COD was determined by a colorimetric method (Hach ® Digestion Method 8000) using a Hach DR/2000 spectrophotometer (620 nm) and Hach ® High Range Plus (0 to 15,000 mg L -1 ) COD vials. The vials were digested in a multi-tube block heater (120 °C, 2 h). VFA concentration was determined once per week according to Standard Methods (APHA/AWWA/WEF, 1989).
Biogas production was recorded daily using water displacement gas meters (Wet-tip gas meters, Co., Nashville, TN). The gas meter was coupled to an electronic counter (Eaton Electrical, Inc.), which recorded a unit per 100 mL of biogas produced. Biogas samples were collected once per week and analysed for methane content by gas chromatography (GC Tracor Model 560; Tracor Inc., USA) using nitrogen as carrier gas. The GC was calibrated with a 99.0% methane standard (Aldrich Chemical Co., Cat. 29,547-7).
The digestate was analysed for nitrogen, phosphorus, and potassium content at the New Mexico State University (NMSU) certified Soil, Water, and Agricultural Testing (SWAT) laboratory following standard analytical methods. Faecal coliforms (FC) content through the most probable number was analysed in the substrate prior to digestion and in the digestate.
Results and discussion
Waste composition and digestate value
The substrates used were grass clippings (84 kg dry wt.; 38.3% TS; 23.4% VS), CGW (63 kg dry wt.; 92.7% TS; 71.5% VS), and dairy manure (45 kg dry wt.; 23.7% TS; 94.2% VS). At the end of the AD process, the dry mass decreased by 60% (76 kg dry wt.; 18.6% TS; 51.5% VS). The digestate was removed from the SP and allowed to dry at ambient conditions, then aerated and mixed several times (simulating aerobic composting) for further stabilisation. The initial volume was reduced by 75%. As shown in Table 1 , plant nutrient (nitrogen, phosphorus, and potassium) concentrations increased in the digestate, compared with the initial substrate, and improved slightly more after aerobic stabilisation. FC showed a significant reduction in the digestate, which complied with US regulations for Class A Biosolids (highest quality). The current limit is <1000 MPN FC per gram of TS (Code of Federal Regulations, 2016). 
AD process performance
Two of the most important parameters for AD process monitoring and control are temperature and pH. The AD system used in this investigation was installed outdoors without insulation. The SP leachate recorded an average temperature of 27.6 °C, compared with 31.8 °C and 29 °C for CI and CII, respectively. Minimum temperatures were 22.8 °C, 28.9 °C, and 26.1 °C for the SP, CI, and CII, respectively. Accordingly, the AD process occurred in the mesophilic range. pH suitable for AD is 6.5 to 8.0; methanogens are inhibited and VFAs accumulate when the pH is outside this range (Panyadee et al., 2013) . During the first 2 weeks, the SP leachate was slightly acidic, with pH between 5.3 and 6.1 (Figure 2(a) ), indicating also the accumulation of VFAs (Figure 2(b) ). However, co-digestion showed a positive effect on the process as permanent acidification did not occur. The pH in the effluent from CI and CII remained within 7.0-7.5, reflecting the stability of the process. In co-digestion studies conducted by Zheng et al. (2015) , the high switchgrass content in digesters lead to VFA accumulation and process instability, but when it was co-digested with dairy manure, the buffering capacity increased and process failure was avoided. Similar results were observed in this research. As shown in Figure 2(b) , VFAs concentration in the SP decreased, while VFAs were almost completely consumed in the columns. When the VFA concentration in the leachate from the SP was negligible (Day 28), the feeding process to the columns stopped and the experiment was terminated.
COD profiles are also presented in Figure 2(b) . COD in the SP leachate started to increase during the first days, reaching a maximum of about 25,000 mg L -1 (Day 6). As the feeding process to the columns proceeded and organics were consumed, a continuous drop in the SP COD concentration was recorded. Effluent COD was 1390 to 4970 mg L -1 in CI and 1360 to 4650 mg L -1 in CII. The COD in the liquid returned from the columns to the SP remained very stable, regardless of the organic loading rate (OLR) applied, which varied significantly (Figure 3(a) ). During the first 18 days of the process, when COD in the SP leachate was at its highest, the OLR was 4.4-12.6 for CI and 2.2-11.6 kg (m 3d) -1 for CII. The OLR during the last 10 days of the process averaged 3.6 and 2.6 kg (m 3 -d) -1 for CI and CII, respectively.
Biogas production and methane yield
Biogas production started shortly after the columns were fed with leachate. As shown in Figure 3(a) , CI had a higher production rate compared with CII, in response to the higher OLR applied to CI. However, organic loading and biogas production rate trends were similar in both columns. A significant decrease in biogas production was recorded the last week of the process, consistent with the low VFA and COD concentrations measured in the SP leachate (Figure 2(b) ). Cumulative biogas production is shown in Figure 3 (b). The contribution of CII was about half of the total biogas produced. In terms of methane content, it was similar in both columns; 69.6% in CI and 71.4% in CII. The organisms that create methane were being recycled into the SP from the columns during the feeding cycle and slowly colonised the SP reactor. Toward the end of experiment, the pH of SP went up. However, by this time very little VFA was being produced for biogas production. The solid waste bed was exhausted from a practical perspective (very low VFA production), but there was still plenty of carbon in the materials, it was just not hydrolysing fast enough to keep up with the methane formers in the columns. Therefore, it was no longer practical to keep producing methane. Total biogas production and methane yield are two of the most important parameters in AD processes oriented towards the bioenergy production. In this study, 20.4 m 3 of biogas were produced, with a yield of 96.5 m 3 per tonne of dry waste. Considering an average methane content of 70.5% (average of two columns), the estimated methane production was 68 m 3 per tonne dry waste. In previous studies performed in the same system, but using manure as a single substrate, the yields were 62 and 66 m 3 of methane per tonne of waste; however, those experiments lasted 73 and 45 days, respectively (Macias-Corral et al., 2008) . The present research was terminated after 29 days owing to the drop in VFA and COD concentrations. Methane yield in this study was 0.166 L g -1 VS consumed, compared with 0.07 and 0.08 L g -1 VS previously obtained in two single-waste runs using dairy manure, to 0.10 L g -1 VS for the mixture of manure and the organic fraction of municipal solid waste (OFMSW), and 0.19 L g -1 VS for manure and CGW (Macias-Corral et al., 2008) . Similar results were recently reported by Zheng et al. (2015) in a co-digestion study with manure and switchgrass in different ratios; the highest yield was 0.159 L g -1 VS (substrate ratio 2:2, 8% TS). In terms of COD to methane conversion efficiency, the system generated 62% of the theoretical methane production. However, the complex nature of the substrates used (high in cellulose) makes it difficult to biodegrade. The COD/VS degradation rate was 62%, compared with the theoretical 66%. The results obtained in our research showed that multi-substrate co-digestion had a better methane yield than when manure was a single substrate.
Conclusions
Grass clippings, CGW, and dairy manure were successfully codigested in a two-phase pilot-scale digester producing 96.5 m 3 of biogas per tonne of waste with an average methane content of 70.5%. The process showed great stability in terms of pH, COD and VFA consumption, and biogas production, with no indication of inhibition. The digestate had a significant increase in plant nutrient content compared with initial substrate. Composting further increased nitrogen, phosphorus, potassium content to 2.32%, 0.38%, and 1.14%, respectively. The digestate also met the US Class A Biosolids standard for FC count, making it a valuable product as fertiliser or soil amendment. Multi-substrate co-digestion is a feasible alternative for management and treatment of several types of organic wastes. 
